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Measurement of the properties of materials as a function of pressure (P)
provides an additional dimension for comparison with models and theoretical
calculations. It also provides a relatively sound basis for establishing
correlations between different properties. For example, if one looks for
correlations between superconductivity and magnetic properties by studying
series of different compounds or alloys, one is forced to resort Lo compari-
sons that are complicated, to a very substantial degree, by chemical and
structursl differences- If instead one studies the pressure dependence of
the properties of a single material, only one relatively simple parameter,
the voluzme (V), is changed. Measurement of the pressure dependence of the
properties nf heavy~fermion compounds (HFC) is particularly fruitful because
the 4f and 5f electrons, which play the central role ia the phenomenon, are
extremely sensitive to pressure, and large effects are observed at modest
pressures, Although the electrical resistivity (p) and the magnetic
susceptibility (x) of a number of HFC have been measured as a function of
pressure, it is only recently that data for the specific heat (C) have become
available for non-zern pressure., We describe here meszsurements of C(P) to
P~ 9 kbar for CeAly [l], CeCug (2], UBey3 [3), and UPt3 [4]). 1Independent
measurements of C(Pg to P ~ 6 kbar have been reported for CeCujSip {5].

All HFC have high values of C/T for T<IOK, but the details of the temper-
ature dependance of C/T vary s.ignificantly., Figure ! shows the qualitative-
ly different types of behavior that have been observed at zero pressure for
the normal state of HFC that do not order magnetically. Also represented for
comparison are gdata for a=Ce, for which vy, the value of C/T at T=0, {s "high"
(0,012 J/mole K°) relative to those for ordinary metals. CeAlqy is the proto-
typical example of an HFC that does not undergo a transition to an ordered
state == neither superconductivity nor magnetic ordering are observed ahove
20mK (6). Above 0.5K {ts properties, including the specific heat, are
similar to those of a dilute (single-ion) Kondo system. Near 0.5k there is
& conspicuous ?lximum in C/T, and in the low-temperature limit, C/T = 1,20 +
1,96T J/mole K* (1), The maximum in C/T has been associated with the devel-
opment of coherence in a Kondo lattice (7)., There may also be a maximum in
C/T tor CeCuySig but 1a that case the analysis of the experimental data I8
romplicated by occurrence of wunerconductivity, by a strong field dependence



of the normal state specific heat, and by sample-to-sample variations in the
properties [7,8).

Another HFC that shows neither superconductivity nor magnetic ordering
to the lowest temperatures of invastigation ie CeCug. In that case, the low-
temperature limiting behavior is C/T = 1.67 ~ 0.67T J/mole K°, and trere is
no maximum in C/T above 60 oK [9]., (A maximum in C/T near 0.3K has been
reported [10], but 1ts existence is also inconsistent with other data [11]).
With respect to the absence of a maximum in C/T, both UBej3 [12] and CeRujySi,
(11,13) seem to be similar to CeCug, and this may be the more usual behavior
for the normal state of an HFC that does not order magnetically.

UBe}3 undergoes a transition to the superconducting scate near 0.9K, but
the curve in Fig. ! represents the normal-state specific heat (Cn). The
dasheg part of the curve is an extrapolation of C, data to T=0, Cn = 1.31IT -
1.58T¢ + 1.4413 J/mole K, that is consistent with the temperature dependince
of C, between 0.5 and 1K, and also with the entropy calculated from data for
the superconducting~state specific heat (Cg), which extend to lower tempera-
tures [12]). Other similar results have also been reported [14,15]. The pos-
sibility of a maximum in C,/T is not ruled out, but it seems unlikely.

ts Fig. | makes clear, the specific heat of UPty shows still another
qualitatively different type of beha {or. There is & shallow minimum in Cp/T
in the vicinity of 10K, At lower temperatures there is an increase in C,/T
(which is barely perceptible in Fig. 1) and a gradual approach to a gonstant
value in the T=0 limit. In the low temperature region, C/T = y + §T“InT +
eT¢ [16,17,4). A C/T of that form was originally predicted for ferromagnetic
spin fluctuations [18,19]). It is now believed to arise more generally within
Fermi-liquid theory, but there are only a very few systems in which it has
been observed experimentally. UPt3 is unique among HFC, unique among super-
conductors of all kinds, and very unusual among metals in general in exhibit-
ing a specific heat of this form. It 1s now fairly generally believed that
there are two characteristic energy scales, and two corresponding temperature
scales that are important in understanding HFC behavior. One temperature
scale, represented by Tx, is determined by the Kondo-~like interaccions of the
4f and Sf electrons with the conduction band; the other, corresponding to an
energy that is one to two orders of magnitude smaller, and represented by T*,
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Fige 1. The specific heats of four HFC, and for comparison that of a-Ce, as
C/T ve. log T. For UPty and UBej3, it is C, that is rapresented.
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Fig. 2. lressure dependence of C/T for CeAlj.

is determined by the interactions between the [ electrons, and is related to
the development of coherence for the Kondo lattice., The transition from on:
regime to the other is marked, for example, by a maximum in p, which occurs
at a temperature Ty. For most HFC 1) is of the order of a few tens of K

or less, but for UPty it is above room temperature [20]. Thus, it seems
probable that the difference between UPt3 and the other HFC for which C/T

is displeyed in Fig. | refi-cts differences in the valves of T* and Ty, and
the fact that, in contrast wi.h the others, data for UPtj are wcll within the
region in which C/T is domiratc! by th~ intersite interactions. From this
point of view, it seems possible that .he T 1nT terms observed in UPt, exist
in the other HFC as well, but would be observed only at temperatures helow
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Pig. 3. Pressure dependence of C/T for CeCug.
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Fig. 4. Pressure dependence of C/T for UBe)j.

those to which measurements have been made to date.
The experimental data for C(P) for CeAlj, CeCug, UBej3 and UPt3 are
shown in Tigs. 2-5, respectively. To show more clearly the relations between
the data at different pressures in the 2~20K region, smoothed representations
of [C(P)-C(0))/T are plotted in Figs. 6~9., The error bars represent the
indicated percentage of the total measured heat capacity (i.e., including
that of the pressure cell). In most cases the precision of the measurements
18 such thet the uncertainty in the heat capacity of the sample is of the
order of C 1% of the total. For CeAly the uncertainty is about 0.5% and
above 15K, not much more than the sign of (3C/3P) is determined. For dis-
cussion of the pressure or volume dependence of a property X, it is
g ~(31nX/31naV)

convenient to introduce the Gruneisen parameter defined as Ty
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- v<"1(alnx/3l’).r where ¢ is the compressibility., Smoothed values of T'c are
given in Tables 1-4,

As noted above, the temperature dependence of the specific heat of UPty
is qualitatively different from those of CeAlj, Celug and UBej3. Figs, 2-5
and particularly Figs. 6-9 show that the pressure dependences are also very
different. For CeAlj, CeCug and UBej3, there i{s a low temperature region in
wvhich (3C/aP)y 1s predominantly negative, an intermediate temperature region
in whic* it is positive, and a higher temperature region in which it is
negative again. The changes in sign depend on pressure as well as tempera-
ture, but they occur, very approximately, at 3 ana 17K for CeAlj, at 2 and
19K for CeCug, and at 3 and 10K for UBej3. For UPt3, 1ia contrast, (3C/3P)p
is negative, axcept for P ~ 4~9 kbar and T ~ 12K where it is approximately
tero. This difference between Pty and the others is probably also asso-
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Fig. 7. Pressure dependence of [C(P)~C(0)]/T for CeCug.
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clated with a difference in relative importance of the interactions repre-~
sented by T* and Ty in the temperature region of the measurements. There

is substantizl non~linearity in the pressure dependence of C for all four
materialy,bbut it is particularly extreng for CeAlj for which [C/T]g, 4g=1+79
- 0.8 P (P in kbar and C in J/mole K¢) for the non-zero pressures at
which C was measured [1). (There must be deviations from that relation near
zero pressure {1).) The deviations from linearity are apparent in Figs. 2~9
and Tables 1-~4,

The pressure dependence of C is related to the temperature dependence of
the thermal expansion (a) by the thermodynamic expression (3a'aT)p =
-(VT)~ (3C/3P)ps Experimental values of a are svailable for t.th CeAly [6,25]
and UPt3 [26], at zero pressure, and can be compared with (3C/3P)r in the
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Table 1. TI'c for CeAly (hexagonal), based on x = 2.16 x 1073 kbar~! [21).

T(K) 0 0.4 1 2 4 10 15 20
P(kbar)
0.2 =160 =710 =340 ~-80 70 100 110 80
1 =52 =51 -37 =14 6 17 0] -5
2 =50 =48 =40 -19 ~2 6 -5 =14
H =41 =40 -38 -24 -6 4 0 -3
6 =27 =27 =26 =21 ~8 1 0 -3
8 -15 ~15 ~14 -13 -9 0 0 -3
Table 2. I for CeCug (which undergoes a change in crystal structure fsom
orthorhombic to monoclinic near 200K), based on k ~ 1.1 x 107
kbar™" [22].
T(K) 0 0.5 1 1.5 2 5 10 20
P(kbar)
0 =115 =52 0 20 40 -8 ~56 =90
1 -88 =54 -19 0] 10 4 -28 -72
3 =73 -60 =41 -23 -13 14 =4 =54
S -68 =60 =46 =31 -18 12 6 =37
7 ~66 =57 -48 -35 =20 5 12 -17
9 =63 -55 =50 -38 =22 0 18 0
Table 3. T for UBe;j (cubic), based on « = 0.97 x 1072 kbar™! [23].
T(K) 1 2 5 10 15 20
P(kbar)
0 -63 11 56 =41 -125 =230
1 -50 0 40 =26 ~-88 ~-190
3 =32 =10 =27 -2 -36 ~65
5 =30 ~-14 =23 10 -18 -60
7 k) -17 2] 16 =19 ~55
9 =34 ~18 18 18 =20 -60
Table 4. T, for UPt; (hexagonal), based on x = 0.48 x 1073 kbu'-l [24].
T(K) od 1 2 5 10 15 20
P(kbar)
0 -39 =62 -64 -69 =75 -82 -140
1 -58 -58 =57 =54 =49 -~73 =127
k] -56 =53 =48 =40 =24 =46 =95
5 =56 -53 =47 =36 -9 ~l4 58
7 -7 =55 ~50 =36 -2 =3 =32
9 -58 =57 =55 =36 0 0 ~19
® Values of Tc st T=0 are from extrapolated Coe



same limit. For CeAlj, the measured values of a are in reasonable agreement
with (3C/3P)T above 1K, but there is a conspicvous discrepancy at lower temp-
eratures where (3a/3T)p becomes negative (again) but there is no indication
of the corresponding change to positive values of (3C/3P)r. The resolution
of the discrepsncy may lie in a further change in sign of (3C/3P)T, either at
lower temperatures or at lower, but still non-zero, pressures than

those at which C has been measured (1]. For UPt3, the C and a data are
consistent to within the probable experimental errors [4,27,28].

The C(P) data can be compared with p(Pz by use of the empirical rule
that vy is approximately proportional to T, “[29). For CeAl,, Ty (16 kbar)/
TM(0) = 2 [6] and, by extrapolation, 1(0)77(16 kbar) = 2,3 ?1]. For CeCug
v(0)/y(9 kbar) = 2.0 [2]) and Ty(9 kbar)/Ty(0) = 2.2 [30]., For UBey3 the com-
parison is less clear both because measurements under pressure and in mag-
netic field, necessary to determine Cn(P). have not been made, and because of
the uncertainty in the extrapolation of C,/T to T=0. Nevertheless, at least
the qualitative applicability of the correlation is obvious: Ty{(9 kbar)/
Ty(0) = 1.8 [31]); [Cn(0)/Cnr(9 kbar))jg ~ 1.5 and, if one makes a rough ex-
trapolation of C,(9 kbar)/T to T=0 from T>1K and accepts the value of Y(0)
reported above, y(0)/y(9 kbar) = 2.0 [3]. Presumably both Ty and y depend in
a complicated way on the interplay betwegT the Interactions related to T* and
Tg» and the correlation between y and Ty “seems to point to the existence

of some kind of scaling relation that involves both of these characteristic
temperatures.

From the pressure dependence of the T31nT and 3 terms in the specific
heat of UPt3, one can derive the pressure aependence of the associated
characteristic temperature. Application of expressions derived for spin
fluctuations [18,19] gives a spin fluctuation temperature (Tg¢) and a Fermi
temperature (Ty) that vary from Tge = 6.4K and Tp = 154K at P=0 to Tg¢ =
88,1K and Tp = 196K at 8.9 kbar [af. That analysis suggests that the pressure
dependence of the band structure is more important than that of the Stoner
enhancement in determining the macroscopic properties. Another interpretation
of the same data within the framework of Fermi-liquid theory has led to
sinilar conclugsions [27). The data have also been compared with the pressure
dependence of p and ¥ to demonstrate consistency with a Kondo lattice model,
rather than ferromagnetic epin fluctuations [32].
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Fig. 10. Magnetic field dependence of C/T for polycrystalline CeAls.
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The pressure dependence of C has also been measured for CeCupSi; [5]
and I, ~-70, similar to the values for the two U~-based superconductors,
Fy~~60 for UBej3 and I'y = =57 for UPt3. One might think of looking for
correlations between I'y and T'p. (where Tc is the critical temperature for
superconductivity) and a comparison with BCS superconductors for clues to
the origin of superconductivity. Such a comparison has been made for UPtjy
[4] on the basis of spin fluctuation theory, but there is increasing evidence
that that theory is not applicable. The values of I'p, for the three heavy-
fermion superconductors are not very similar: Tp. ~ 7 for CeCugSip [5],
~ ~76 for UPt3 [4] and ~ -48 for UBej3 (3].

There are interesting qualitative similarities between the effects of
magnetic field (H) and P on C for both CeAlj and CeCug. The effect of H on
C/T 1is shown in Figs. 10 and 11 for CeAl3 [33] and CeCug [9], for comparison
with the P dependences shown in Figs. 2 and 3, Near 0,4K a pressure of 8
kbar reduces C/T for CeAljy by 70X, while a field of 8T produces a 33% reduc-
tion. Below 0.,4K C/T increases with H [7]), but at low pressure there 1s also
some reason to expect an increase in C/T in this region (see above). For
CeCug near 0.3K and 9 kbar, C/T is reduced by 50%, while 7,5T along the [001]
axis causes a reduction of 60X (~30% 1f the reduction is averaged over all
three axes). These similarities suggest a similar role of H and P in sup~
pressing the effectu of intersite interactions (T*), which probably dominate
C in the low temperature region. By contrast with the non-magnetic, non-
superconducting Ce-based HFC, both UBej3 and Pt3 exhibit only a weak depen-
dence of C/T on H at any temperature -- ~ =2% for UBejj at 1K and 7,5T and
~ +2% for UPt; between O and 4K at 8T,

Work at Berkeley was supported by the Director, Office of Lnergy Re-
search, Office of Basic Energy Sciences, Materials Sciences Division of the
U.S. Department of Energy under Contract DE~AC03-76SF00098. Work at Los
Alamos was supported by the U.S. Department of Energy.
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